have been effective in producing a technical dividend in manufacturing industry? Shall we say 20 or perhaps 30 %?
I contend that when scientific manpower is being employed in the manner I have been trying to indicate in this talk, its efforts have as a rule a maximum of effective ness in producing technical progress within industry. The stimulating reaction on most research workers of being in contact with the actual application of their work constitutes one aspect of this picture. Another is the progressing of the investi gations from their early stages in co-operation with the actual individuals who must implement them and make them serviceable.
I feel we need to foster the conception of the effectiveness and non-effectiveness of industrial research according to the kind of chance and help we give it to fructify, and it is to this end th at I commend to you some of the considerations I have been discussing. I hope I have indicated some of the criteria which, as I see it, can give us a sense of values in regard to efficiency in the employment of scientific resources in production industry.
I do not want to hold up my laboratories as an example to be followed. Nearly every research establishment in industry has a unique problem in organization. But laboratories like those I have been describing do, I hope, serve to exemplify certain principles which are worth examination.
Attempts to detect the emission of secondary charged particles in the fission of 23oU by slow neutrons B y J . M. Ca s s e l s , J . D a in t y , N. F e a t h e r , F .R .S . a n d L. L. Gr e e n {Received 3 March 1947)
I n t r o d u c tio n
If light charged particles (protons, a-particles, etc.) are emitted during fission, it should be possible to establish this fact by a simple coincidence experiment. Suppose two detectors are arranged so that they can both 'see' a thin film of uranium oxide. Let one of the detectors register the entry of fission fragments only, say at the rate of F (sec.-1). Let the other detector register not only fission fragments (unless they are excluded by an interposed absorber) but also light charged particles (protons, a-particles, etc.) with energies within certain limits. Suppose that the rate of registration in the second detector is P (sec.-1), that the mean efficiency for the detection of a fight charged particle emitted from the uranium film is e, and that the average number of fight charged particles liberated per fission is rj. Then the co incidence rate, C (sec.-1), between the two detectors, is given by
where r (sec.) is the resolving tim e of the coincidence circuit, and thus
a linear relation between C jF and P , from which rje can he obtained, and thus 7] determined, if e is known. For this determ ination e was calculated from the mean solid angle subtended by the charged particle detector a t th e uranium film, assuming no angular correlation between fission fragm ents and charged particles.
Obviously the correct value of r\e will be found from equation (1) only if no true coincidences are missed. This can happen in two ways. F irst, true coincidences will be missed if the mean tim e interval between the emission of the charged particles and the expulsion of the fission fragments is not considerably smaller th an the resolving tim e of the coincidence circuit (r). However, except perhaps for the hypo thetical negative proton (Broda, F eather & Wilkinson 1947) , it is not to be expected, on theoretical grounds, th a t secondary charged particles are likely to be em itted which are significantly delayed. I t was therefore assumed th a t no tru e coincidences could be missed in this way. Secondly, the coincidence resolving tim e may be so small th a t, even if there is ' simultaneous ' emission of fission fragments and charged particles, coincidences may be missed because of ihe finite and variable time of rise of the detector pulses, or because of tim e delays in the detectors. This point will be clearer after a consideration of the problems of coincidence counting with pro portional counters and ionization chambers. Obviously, to increase the resolving tim e uncritically is no easy solution, since as shown by (1) an increase in the chance coincidence rate m ust eventually result w ithout further gain in 'genuine' coin cidences.
Emission of secondary particles
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Co in c id e n c e c o u n t in g
The problem of counting coincidences between the pulses from two Geiger counters is relatively simple. All the pulses entering the amplifiers are approxim ately of a uniform size and shape, and the signal-to-noise ratio is very high, usually a thousand or more. This means th a t the amplifiers can be very simple; no pulse-shaping circuits are necessary (although perhaps desirable), and, because all the pulses have the same size and shape, there is no fear of missing coincidences due to the finite rising time of the counter pulses. W ith very high single rates of counting, however, some difficulties closely akin to those associated with heavy particle coincidence counting begin to appear.
Conditions are very different with proportional counter and ionization chamber coincidence counting. The signal-to-noise ratio is much smaller and the variation of the pulse size m ay be very large. The problem is further complicated with ionization chambers, since the pulses may not be of a constant shape. The origina l pulses being very small, high-gain linear amplifiers are necessary to amplify them to the level of a few volts, and because of the unfavourable signal-to-noise ratio there m ust be a discriminating stage in each amplifier in order to prevent noise from reaching the mixing stage. Again, since the pulses are in general of various shapes and sizes, a stage which converts all pulses into pulses of a standard size and shape, before injecting them into the mixing stage, m ust be included in each discrim inator or added to it. Moreover, because of the difference in pulse size alone, full treatm en t of the results is not possible w ithout the determ ination of a ' coincidence bias cu rv e5 using the discriminators for this purpose.
From w hat has been said it is clear th a t the minimum resolving tim e which can be used depends upon the speed of rise of th e pulse when it enters the discriminating and pulse-shaping stage (see figure 1) . Also, close atten tio n m ust be paid to the frequency response of all circuits, if the best results are to be obtained. W ith slow pulses, such as are obtained from some types of ionization chamber, the frequency response of the circuits can-and should-be adjusted to pass the pulse undistorted, and, to maximize the signal-to-noise ratio, no frequencies above or below those necessary to transm it an undistorted pulse should be passed. Then the minimum resolving tim e should be roughly equal to the time of collection of the ions (of either sign) in the detector.
W ith a 'fa s t' detector of heavy particles (proportional counter or electroncollecting ionization chamber) the time of rise of the prim ary pulse m ay be a fraction of a microsecond; on the other hand, the circuits m ay not have a wide enough frequency response to pass such a pulse undistorted. The effective time of rise of the pulse is then determined, essentially, by the upper limit of frequency response of the circuits. In such a case it is clearly necessary to make this upper limit as high as possible. W ith 'fa s t' detectors, however, it is not generally possible to use a minimum resolving tim e determined only by the time of rise of the pulse a t the discriminating and pulse-shaping stage. I t is known th a t between the entry of an ionizing particle into a detector and the appearance of a voltage pulse on an electrode there is a delay due to the finite mobility of the ions (Dunworth 1939) . This delay depends upon the type of detector, upon the gas filling and other factors, and, because the delay fluctuates, coincidences are missed even w ith resolving times as long as the average delay. For proportional counters of conventional design, which m ust certainly exhibit the effect, the average delay is likely to be of the order of a micro second.
In the experiments described in this paper, particular attention was paid to this problem of 'm issed' coincidences. The resolving time was carefully chosen in each experim ent to suit the type of detector used and was matched with the frequency response of the circuits. In the second series of experiments, a repetition was made with a longer resolving time to check th a t the resolving time used was not, in fact, too short.
W ith attention to these details it was confidently expected th a t the value of rj, experimentally derived by applying equation (1), would give a true indication of the num ber of secondary charged particles em itted per fission.
E x p e r im e n t a l w o r k
The experiments were performed in two different geometries; for the purpose of reference these experiments will be spoken of as experiments A and B.
In experiment A coincidences were sought between fission fragments and charged particles with ranges greater than the ranges of the fission fragments. This experi ment, roughly performed, showed th a t the probability of emission of long-range charged particles was small, and it was not pursued in great detail. I t was felt th a t the coincidence method was not necessarily the best way of looking for these long-range secondary charged particles which were certainly not of frequent occurrence. Photographic plate or cloud-chamber studies would obviously yield d ata capable of more direct interpretation.
Secondly, an experim ent was performed in greater detail to look for short-range secondary charged particles. This experim ent (B) occupied the m ajor p a rt of th e tim e of this research. I t will be seen later th a t it showed a small positive effect.
Experiment A
The apparatus used in the attem p t to detect the long-range secondary charged particles is illustrated in figure 2. The cylindrical proportional counter consisted of an outer brass cathode, w ith m ost of the wall cut away, and a central tungsten wire sealed into pyrex supports. A platinum foil, of 21 mg./cm .2 thickness, w ith a uranium oxide (U30 8) layer approxim ately 1 mg./cm .2 thick deposited on th e outside, was wrapped round the skeleton cathode of the counter. The platinum foil was ju st thick enough to stop the natural a-particles (and, therefore, also th e fission fragments) from the U layer. The counter, 5 cm. long and 2 cm. diameter, was placed inside and coaxial tkith an insulated brass cylinder 4-5 cm. in diameter. This brass cylinder was the collecting plate of an ionization cham ber whose high-voltage electrode was the cathode of the counter. The assembly was filled with argon a t 20 cm. pressure. There was a small, thin (approxim ately 2 cm. air equivalent) mica window a t one end of the counter. This was used to allow the n atu ral a-particles of Th C and Th C' to enter the counter, for te st and calibration purposes. The apparatus was p u t in a screening brass cylinder and irradiated w ith a m ixture of fast and slow neutrons. The prim ary fast neutrons, which had an energy of approxim ately 0 5 MeV, were produced by bom barding a target of lithium hydroxide w ith 2-5 MeV protons from the cyclotron. Paraffin wax placed round the apparatus provided the slowing-down material.
The experim ental procedure was to count coincidences between fission fragments, as recorded by the ionization chamber, and all pulses above a certain size from the proportional counter. By comparison with the pulses produced by Th C and Th C' a-particles, this size was estim ated to correspond to an energy loss of roughly 50 keV in the counter, assuming counter proportionality.
A block diagram of the experim ental arrangem ent is shown in figure 3 . The head amplifiers were m ounted near the cyclotron, connexions to the detectors being short lengths of screened polythene-insulated cable. The rest of the apparatus was placed in a screened cabin, connexions from head to main amplifiers being made by means of about 5 m. of screened flex. The main amplifiers were of a conventional resistancecapacity coupled type w ith an approxim ately uniform frequency response from 103 to 105 eye./sec. In the coincidence unit there were discriminating and pulse shaping circuits followed by a simple Rossi circuit.
The single rates P, F and the coincidence rate C were determined for various intensities of cyclotron beam. (It was assumed th a t the slow neutron flux was pro portional to the proton current.) Counting was continued for a time sufficient to make the standard error in G less than or equal to 10 %. C jF was plotted against P and the intercept on the P = 0 axis determined. Two runs were made, the results of one being shown in figure 4, in which standard deviations are indicated by the vertical lines. Only a rough determ ination of the resolving time was made in this experiment. This gave r = 2 x 10~4sec., approximately. From the geometry of the chamber and the frequency response of the amplifiers it seemed unlikely th a t any large fraction of genuine coincidences can have been missed.
From figure 4 it can be seen th a t the most probable value of the intercept is 6 x 10~3. The value obtained from the other run was 2 x 10~3. The standard errors were approxim ately 2 x 10~3; thus the mean of these results gives = (4 + 1-4) x 10-3. Now e is certainly less than ^ and greater than ^ for protons with original energies from 1*5 to 3 MeV, and for a-particles of from 5 MeV to greater than 20 MeV.* The corresponding value of y is therefore approxim ately with an uncertainty of, roughly, a factor of 2; it applies, of course, only to particles with energies between the above limits. The result shows th a t the emission of charged particles of range greater th an th a t of the fission fragm ents is not an im portant process in which mass and charge m ay be 'lo st' in fission. Once this was established, experim ent A was not continued any further. I t had served its purpose of showing th a t the num ber of secondary charged particles was small, and, as stated above, it is now considered th a t the emission of such long-range particles can w ith more certainty be established by other means (Livesey & Green 1946; Green & Livesey 1947) .
Experiment B
The object of this experim ent was to search for secondary charged particles, the range of which m ight be shorter th an the maximum range of the fission fragments. Figure 5 shows the apparatus used. This consisted of two open-ended counters P1 and F, and a 'b lin d ' counter P2 which was used for control experiments. Two thin (~ 1 mg./cm.2) uranium sources, enriched in their 235U content and deposited on platinum foils, were placed in the apparatus, one a t 45° both to and to F, the other within P2, a t one end, as shown in figure 5 . A very thin gold foil (0-2 mg./cm.2) was placed in front of F in order to prevent possible capacitative pick-up between the wires of F and Pv The whole apparatus was surrounded by a screening box embedded in paraffin wax. Irradiation with neutrons was carried out as in experi m ent A.
Emission of secondary charged particles
The electronic equipment had the same block diagram and general arrangement as before, but the high-frequency limit of the circuits was raised to about a Mcyc./sec. to take advantage of the fact th a t proportional counters only were being used. The resolving tim e could probably have been set lower th a n th e value of about 6 sec. used throughout m ost of the experiment, b u t it was considered im portant to make certain th a t no true coincidences were being lost. The 'charged p article' line was attached to P1 or P2 as required.
Using Pl5 the amplification in this fine was adjusted so th a t the noise a t the discrim inator stage was about 3 V. The voltage on the counter was then raised until the size of the pulses obtained by bringing up a polonium source to the window of the counter was 20 V a t the same stage. These calibration pulses represented a calculated energy loss of 160keV in th e counter. The energy loss corresponding to a range of pulse sizes was then known, since the amplifier was linear up to pulse sizes of about 60 V. The counter itself was assumed to be ' proportional ' over the range of ionizations in question. Throughout the runs recorded on figures 6, 7 and 8, the bias on the 'charged particle ' discriminator was held a t 4 V, so th a t all particles losing more th an 32 keV energy in Pl could be detected. These particles would obviously include the natural a-particles from the uranium and all heavy charged particles produced in the fission process. The amplification on the fission line was adjusted so th a t no pulses other than those due to fission particles were larger th an 7 V a t th e discriminator stage. The bias was then set a t 10 V. Most of the runs were continued until a statistical accuracy of 10 % in C had been attained. Standard deviations are shown in the diagrams.
Figures 6 and 7 show th e results obtained a t resolving times equal to 6-31 ± 0*24 and 13-37 ± 0-36/^sec. respectively. The points represented by full circles refer to coincidences between fissions in F and charged particles in P2; those represented by open circles were obtained using F and Pv I t will be seen th a t the full circles lie on straight lines through the origin, as would be expected from the relation C /F = 2 P r. (^) from P x, from P % .
In this arrangement there was no possibility of genuine coincidences occurring, and the ' best straight line ' gave the value of r. This method of measuring r was chosen because it was feared th a t spurious effects might arise from the very large fission pulses on the 'charged particle line'. By using a similar pulse distribution for the con tro t experiment correction was made for any such effect. I t is now realized th a t it would probably have been better to have taken control counts between fissions in P2 and charged particles in Pl5 thus preserving throughout more nearly th e same distribution of pulses in the charged particle line. One point was, in fact, taken in this way and gave a normal result, but, statistically, this single observation does not carry much weight. The points with open circles in figures 6 and 7 indicate th a t when F and Px were used, a genuine coincidence rate was superposed on the chance rate. From the points of figure 6 a value of ye of (0*99 ± 0*11) x 10~3 was calculated, and from figure 7, a t the higher resolving time, ye was found to be (0*85 + 0*15) x 10 ~3. These values were considered to be in agreement.
After the resolving time had been fixed a t 5*93 ± 0-18/^sec., an attem p t was made to investigate the properties of the secondary particles giving rise to this genuine coincidence rate. Figure 8 shows a range curve obtained by placing gold foils of different thickness in front of Pv and figure 9 the variation of ye with the bias on the 'charged particle* line, no gold foil being present. The statistical accuracy of the points was very poor owing to the low rate of counting which had to be accepted in order to obtain a reasonable ratio of genuine to chance coincidences. I t was not thought justifiable to draw definite curves through the points of figures 8 and 9 because of this fact. 1I owever, it seems likely th a t the ' average ' range of the particles is about I cm. of air (~ 4 mg./cm.2 of gold), and th a t the upper limit to the pulse size in the arrangem ent used was about 40 V, corresponding to an energy loss of 320 keV in the counter. Two points were also taken with biases 'norm al' and no foils in front of Px, but with 10-5 cm. pressure of argon in the counter instead of 5 cm., as previously used. These gave 7/e -(0*81 ± 0-22) x 10 3, in agreement with the values obtained abov
Emission of secondary charged 'particles
D i s c u s s io n o f r e s u l t s
There seem to be three possible explanations for t he genuine coincidence rate found in experiment B:
(i) Particles were being projected into 1\ either from the source material or supporting foil, or from the gas in the apparatus, by collision of fission fragments.
(ii) Coincidences between two fission fragments were being observed, either because of ' reflexion ' of fission fragments in the material of the source or its supports, or beoause of the occurrence of true ternary fission in a small proportion of cases.
(iii) Secondary light charged particles (protons or a-particles) em itted a t the instant of fission, or w ith inappreciable delay, were being detected.
The table below shows the approxim ate maximum energy in keV which would be lost in the counter by protons, a-particles and ' average ' (binary) fission fragments of various 'a ir ' ranges. The first range given is ju st sufficient to enable a particle from the centre of the source to traverse the counter completely. Values refer throughout to 5 cm. pressure of argon in the counter. Considering the value for the maximum energy loss deduced from the rath er uncertain d ata of figure 9, the particle fitting in best w ith the facts is the a-particle. The rough value for the maximum range deduced from figure 8 tends to confirm this conclusion. , J. D ain ty, N . Feather and L Now a-particles could only have been present as secondary particles em itted in the fission process, since the particles to be expected from process (i) are protons, or atoms of mass greater th an th a t of carbon with ionizing powers interm ediate between those of a-particles and fission fragments. T h at argon recoil atoms, in particular, were not being projected into Px in significant numbers by collisions of fission fragments in the gas in the immediate neighbourhood of the source was clear from the fact th a t ye did not increase when the counter pressure was doubled. Provisionally, therefore, the experim ent indicates th a t secondary a-particles of ranges up to about 1 cm. of air are em itted in the fission process to the extent of about 1 secondary a-particle in 30 fissions-assuming e to be An accuracy of about 50 % should be assigned to this figure, to take account of statistical errors and uncertainties in e. I t is hoped shortly to repeat the investigation under improved conditions in respect of fast neutron background, resolving time, and counter geometry. A part from the question of uncertainties introduced by the assumption of isotropic emission, the value of 1 ( ± 0-5) secondary charged particle in 30 fissions does, however, constitute an upper limit to any genuine effect (range > 3 m m . of air). This is further definite evidence against the emission of light charged particles being a m ajor feature of the fission process.
J. M. Cassels
The work described in this paper was carried out a t the Cavendish Laboratory, Cambridge, a t various times during the period March 1943 to April 1945, and is now published by permission of the M inistry of Supply (D epartm ent of Atomic Energy).
Note added 27 M ay 1947. Since the above paper was w ritten, a publication has appeared (Farwell, Segre & Wiegand (1947), Phy.s. Rev. 71, 327) giving a preliminary account of the results of an experiment very similar in design to our experim ent A, but carried out under much more favourable conditions th an we were able to com mand. These authors conclude th a t the secondary charged particles are a-particles and estim ate their num ber as about 1 in 250 fissions w ith 235U, w ith ranges signi ficantly greater than the range of the n atu ral a-particles from this body. I t will be seen th a t our overall results are readily reconcilable w ith this estimate, based, like our own, on the assum ption of isotropic secondary emission. The assumption that the work done during a small plastic strain is a maximum as the yieldstress criterion is varied is shown to give rise to a connexion between the yield-stress and the strain-ratio relationship. The strain-ratio relationship is that which exists between the ratios of principal stress differences and the ratios of the corresponding strain differences. It is common to assume that this relationship is one of simple proportionality. Experiments, however, show that this assumption is not true in metals. The observed strain-ratio relation ship is used in conjunction with the assumption of maximum work during a given strain to calculate the criterion of yield. It is found that this is very close to, but not identical with, the Mises-Heneky criterion.
I n t r o d u c t io n
The three principal properties which define the plastic behaviour of an isotropic m aterial and m ust be known or assumed before the solution of any problem in plastic flow can be attem pted are: (а) The criterion of yield (Mises-Hencky, maximum stress difference, etc.).
(б) The relationship between the ratios of small strains parallel to the principal axes and the ratios of principal stress differences. This relationship may be called the strain-ratio relationship.
(c) The am ount of strain hardening after yielding. When problems concerning small strains are considered it is frequently a good enough approximation to assume th a t there is no strain hardening, so th a t the criterion of yield is independent of the am ount of small strain considered. On the other hand, both (a) and (6) m ust be known before any problems in which the stress depends on the strain can be solved.
